The architectures of dendritic trees are crucial for the wiring and function of neuronal circuits because they determine coverage of receptive territories, as well as the nature and strength of sensory or synaptic inputs. Here, we describe a cell-intrinsic pathway sculpting dendritic arborization (da) neurons in Drosophila that requires Longitudinals Lacking (Lola), a BTB/POZ transcription factor, and its control of the F-actin cytoskeleton through Spire (Spir), an actin nucleation protein. Loss of Lola from da neurons reduced the overall length of dendritic arbors, increased the expression of Spir, and produced inappropriate F-actin-rich dendrites at positions too near the cell soma. Selective removal of Lola from only class IV da neurons decreased the evasive responses of larvae to nociception. The increased Spir expression contributed to the abnormal F-actinrich dendrites and the decreased nocifensive responses because both were suppressed by reduced dose of Spir. Thus, an important role of Lola is to limit expression of Spir to appropriate levels within da neurons. We found Spir to be expressed in dendritic arbors and to be important for their development. Removal of Spir from class IV da neurons reduced F-actin levels and total branch number, shifted the position of greatest branch density away from the cell soma, and compromised nocifensive behavior. We conclude that the Lola-Spir pathway is crucial for the spatial arrangement of branches within dendritic trees and for neural circuit function because it provides balanced control of the F-actin cytoskeleton.
INTRODUCTION
Neurons receive sensory and synaptic input through their dendrites, and proper architecture of dendritic trees is instrumental for neuronal function (Jan and Jan, 2010; Hall and Treinin, 2011) . Dendritic trees are crucial determinants of the type-specific properties of neurons. They define the coverage of receptive territories, they contribute to the specificity of connections with presynaptic axons and they influence the number, strength and integration of inputs. Therefore, an important issue in neurobiology is to understand what factors control the location and degree of branching within dendritic trees.
Intrinsic control by transcription factors has emerged as an important mechanism that regulates the branching patterns of dendrites (Parrish et al., 2006; Ou et al., 2008; Jan and Jan, 2010; Smith et al., 2010; de la Torre-Ubieta and Bonni, 2011) . However, it remains largely unknown how they influence the dynamic remodeling of the dendritic cytoskeleton that accompanies branching and outgrowth, as scant progress has been made in linking these transcription factors to key effectors that control rearrangements of actin filaments (F-actin) and microtubules (MTs). F-actin and MTs are major structural components of dendrites that support the transport by motor proteins of organelles and macromolecular complexes that are used to build and maintain arbors. In addition, F-actin is the major constituent of dendritic filopodia, finger-like projections that initiate branch outgrowth. Cellular F-actin is known to be assembled from actin monomers by a range of proteins that nucleate filaments, regulate their elongation and turnover, and crosslink them into networks or bundles (Pollard and Cooper, 2009 ). However, key F-actin regulators in dendrites that contribute to where and how branches are spatially organized remain unclear, particularly in vivo, where arbors grow within their native cellular context.
Here, we have investigated this in the dendritic arborization (da) neurons of the Drosophila peripheral nervous system (PNS), which extend dendrites in the larval body wall between muscles and epithelial cells (Grueber et al., 2002) . Branching and elongation of da neuron dendrites begins in embryogenesis and continues in larval stages, where F-actin is enriched at the tips of nascent or growing branches but is also found along shafts and at branch points (Medina et al., 2006; Nagel et al., 2012) . Individual da neurons are identifiable and their patterns of dendrite outgrowth are largely invariant from embryo to embryo (Gao et al., 1999) , allowing one to readily detect and measure changes that are induced experimentally. One can correlate these changes with the capacity of some of these sensory neurons to respond specifically to known stimuli (Tracey et al., 2003; Tsubouchi et al., 2012; Yan et al., 2013) , thereby linking cellular and molecular mechanisms of dendrite arborization with neuronal physiology and animal behavior.
In a screen for genes that influence dendrite patterning (Ou et al., 2008) , we identified longitudinals-lacking (lola), which encodes a BTB-Zn-finger transcription factor (Lola). Lola has been shown to regulate axon guidance in the CNS and PNS (Giniger et al., 1994; Kania et al., 1995; Crowner et al., 2002) , cell fate in the developing eye (Zheng and Carthew, 2008) , and neuronal identity in the olfactory system (Spletter et al., 2007) . Here, we find that Lola is required for sculpting dendritic arbors in da neurons, and that it does so by controlling the expression of Spire (Spir), a conserved member of the WASP homology 2 (WH2)-domain family of actin nucleation factors. Actin nucleators overcome the kinetic barrier to spontaneous actin polymerization and so they are key rate-limiting factors for the spatial and temporal regulation of actin dynamics (Pollard and Cooper, 2009 ). Spir and its related proteins in mammals have previously been shown to nucleate, sever and cap actin filaments at their barbed ends, and to synergize with Profilin and Formin proteins to enhance processive filament assembly (Quinlan et al., 2005; Bosch et al., 2007) . Spir had been identified previously as a Lola effector involved in motor axon guidance (Gates et al., 2011) , but a role for either Lola or Spir in dendrite morphogenesis has not been described. We find that a Lola-Spir pathway shapes dendrite architecture by controlling the formation of branches, the abundance of F-actin in those branches and their spatial arrangement. We also discover that Lola and Spir are required in da neurons for accurate escape responses to nociception (Tracey et al., 2003) , correlating their role in sculpting dendritic trees with neuronal function and behavioral performance.
RESULTS
Lola is expressed in sensory neurons and required for evasive responses to nociception da neurons belong to one of four classes (I-IV) of increasing dendritic complexity and size, with class I da neurons having simple polarized arbors and class IV da neurons having very large and highly complex radial arbors (Grueber et al., 2002) . Using immunohistochemistry in third instar (L3) larvae, we found that Lola was expressed in the nuclei of all da neurons (Fig. 1A-B″ ). This staining was specific because it was not detected in da neurons homozygous for lola ore76 , a null allele ( Fig. 1C-C″) . Furthermore, Lola expression was eliminated using RNA interference (RNAi) to selectively knock down Lola expression in class IV da neurons with ppk1.9-GAL4 and a single RNAi-inducing transgene for Lola ( Fig. 1D-D″) (Dietzl et al., 2007) .
In L3 larvae, class IV da neurons mediate an escape response to noxious thermal (45°C) and mechanical stimulation that is characterized by rotation around the anteroposterior axis (Tracey et al., 2003) . The latency to initiate this nocifensive escape locomotion (NEL) is a measure of larval responsiveness. To determine whether Lola was required specifically in class IV da neurons for this response, we compared controls with lola RNAi knockdown. All control larvae responded within 20 seconds, and the mean latency was 3.1 seconds (Fig. 1E) . By contrast, 21.1% of lola RNAi animals did not respond within 20 seconds, and the mean latency was 10.4 seconds.
Lola is required for the appropriate number and arrangement of dendrite branches
These reduced nocifensive responses in lola RNAi animals could arise from neuroanatomical defects and/or physiological impairment of class IV da neurons. To investigate the possibility of defects in axon guidance, we used reporters to trace axon projections of class IV da neurons to their terminations within the CNS of L3 larvae, but found that the patterns in controls and lola RNAi were indistinguishable ( Fig. 1F,G ; supplementary material Fig. S1 ). In addition, we used optogenetic activation of nocifensive behavior (Hwang et al., 2007; Honjo et al., 2012) . Channelrhodopsin 2 (ChR-2::YFP) was expressed specifically within class IV da neurons, and we found that controls and lola RNAi animals responded identically with robust nocifensive escape responses to light activation (Fig. 1H) , indicating that the integrity of sensory axon projections and their synaptic contacts within the CNS were largely intact.
As optogenetic activation with ChR-2 bypasses sensory transduction by dendrites, we addressed the interesting possibility that the nocifensive defect in lola RNAi animals could be due instead to an undiscovered role for Lola in dendrite morphogenesis. We began by examining the mCD8::GFP-labeled arbors of the class IV da neuron ddaC. Although control ddaC neurons exhibited normal morphology and branching of their large radial arbors (Fig. 1I ), lola RNAi neurons had fewer branches (Fig. 1J,K) , their average total arbor length was reduced to 64.5% of controls (Fig. 1L) , and there was reduced area of the field covered by dendritic branches (Fig. 1L ). In addition, thin dendrites often proliferated in the proximal region of the arbor close to the cell soma (Fig. 1I,J) . We used Sholl analysis (Sholl, 1953) to plot the density profiles of branches as a function of distance from the cell soma (Fig. 1K) , and determined the peak of maximum branch density (critical value) and its corresponding radius (critical radius) (Ristanović et al., 2006) . Both were dramatically reduced by lola RNAi (Fig. 1L) , with the critical value reduced to 61.0% of controls and critical radius reduced by nearly half, from 203.5 to 113.8 μm. Thus, Lola promotes the appropriate number and positions of branches along the proximal-distal axis of dendritic arbors.
To test whether Lola function in dendrite morphogenesis was cellautonomous, we used the MARCM (mosaic analysis with a repressible cell marker) technique (Lee and Luo, 1999) to selectively visualize single da neurons that were homozygous for lola mutations. We focused on two independent lola mutant alleles: the lola ore76 null; and lola
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, a strong hypomorph (Giniger et al., 1994; Spletter et al., 2007) . Although control MARCM clones exhibited normal morphology and branching ( Fig. 2A) , ddaC neurons mutant for either allele resembled lola RNAi in having far fewer branches (Fig. 2B,C) , reduced total arbor length ( Fig. 2D ) and dendritic field (Fig. 2E) , and numerous thin, ectopic dendrites near the cell soma (Fig. 2B,C) . From Sholl density profiles (Fig. 2F) , both critical value and critical radius were also dramatically reduced (Fig. 2G,H) . Together, these results confirm that Lola controls branch number and position cell-autonomously in post-mitotic neurons. In addition, they validate both the specificity and effectiveness of the RNAi line we used to knock down lola.
We then examined class I da neurons, which have the smallest and simplest dendritic arbors. Compared with control MARCM clones ( Fig. 2I) , lola MARCM clones for ddaE had reduced growth of major dendritic branches (Fig. 2J ,K), and reduced total arbor length ( Fig. 2L ). There was also a proliferation of abnormal, short branches (<10 μm), usually near the cell soma (Fig. 2J′ ,K′,M). Similar observations were made for ddaD, another class I da neuron (supplementary material Fig. S2 ). In MARCM analyses for the class II neuron ddaB, and the class III neuron ddaF, lola mutations caused reduced total arbor length but no inappropriate branching patterns (supplementary material Fig. S3 ).
In summary, loss of lola reduced the total lengths of dendritic arbors in da neurons. In classes IV and I it also caused inappropriate arrangements of branches, with the appearance of thin, abnormal branches near the cell soma of class IV da neurons, and short ectopic branches in class I da neurons.
Distinct Lola isoforms are required to shape da neuron dendrites
At least 19 isoforms of Lola are thought to be generated by alternative mRNA splicing (Goeke et al., 2003; Ohsako et al., 2003) . To explore the contribution of Lola isoforms to dendrite morphogenesis, we examined MARCM clones for the mutations lola orc4 , which affects only Lola isoform K, and lola ore119 (isoform L only) (Goeke et al., 2003) . In class IV da neurons, both caused dendritic defects that resembled the null lola phenotype because they reduced arbor length and complexity, but were less severe and did not affect dendritic field or critical radius (supplementary material Fig. S4 ). In class I da neurons, arbor length was reduced, but there was no proliferation of short branches (supplementary material Fig. S4 ). Thus, the K and L isoforms are indeed important for dendrite morphogenesis, but other isoforms may be involved also. As neither could account for the complete null phenotype, we conclude that isoform diversity is an important aspect of lola function in da neurons.
Lola limits formation of F-actin-rich branches
Intrigued by the inappropriate branching patterns caused by loss of lola, we focused on class IV and class I da neurons to explore how Lola regulates the cytoskeleton. We labeled MTs or F-actin in da neurons where the loss of Lola promoted thin branches in bushy proximal arbors (class IV) or spiky ectopic branches (class I). In lola MARCM clones (supplementary material Fig. S5 ), or lola RNAi (Fig. 3A -B′′,E-F′′), these abnormal branches lacked labeling for Futsch, a neuron-specific marker of stabilized MTs (Fig. 3B′,F′,I ). Instead, these branches labeled strongly with the F-actin reporter Lifeact::Ruby (Hatan et al., 2011) (Fig. 3D′,H′,I ).
We also performed time-lapse imaging of class IV or class I da neurons of controls and lola RNAi animals at L3 (supplementary material Movies 1, 2). Consistent with the abundance of F-actin rich branches and their potential for increased motility, the number of dynamic terminal branches on lola RNAi neurons increased nearly threefold compared with age-matched controls (supplementary material Fig. S6 ).
Lola promotes the expression of Cut and Knot
We predicted that Lola shapes dendritic arbors by up-or downregulating specific target genes, and two candidates are the transcription factors Cut and Knot. Cut is a homeodomain protein required for dendrite arborization in da neurons of classes II, III and IV (Grueber et al., 2003) , and Lola has been shown to regulate Cut expression and function in the developing wing (Krupp et al., 2005) . Knot is a Collier/Olf1/EBF protein that promotes dendrite outgrowth and branching in class IV da neurons (Hattori et al., 2007; JinushiNakao et al., 2007; Crozatier and Vincent, 2008) . Using lola RNAi in class IV da neurons, we found that Lola promotes the expression of both Cut and Knot, as the normalized immunofluorescence for these proteins within nuclei of ddaC neurons was reduced to 48.3% and 57.0% of controls, respectively (Fig. 3J) . Thus, Lola could influence how Cut and Knot control dendrite growth and branching in class IV da neurons. However, neither cut nor knot mutations cause a proliferation of F-actin rich proximal dendrites as we have (A-B′′) Class IV ddaC neurons (ppk1.9-GAL4) imaged for mCD8::GFP (using anti-GFP, green) and for antiFutsch (magenta). Overlays in A′′ and B′′. lola RNAi induces numerous thin branches near the cell soma (arrowheads) that lack MTs (Futsch). (C-D′) Class IV ddaC neurons imaged for mCD8::GFP (green) and the F-actin reporter Lifeact-Ruby (C′,D′, pseudo-colored with a warmer hue indicating higher signal intensity). Thin branches near the cell soma in lola RNAi (arrowheads) are strongly labeled for Lifeact::Ruby. (E-F′′) Class I ddaE neurons (GAL4
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) labeled for mCD8::GFP (anti-GFP, green) and anti-Futsch (magenta). Overlays in E′′ and F′′. Arrrowheads indicate that RNAi-induced short, spiky branches lack MTs (Futsch). (G-H′) Class I ddaE neurons imaged for mCD8::GFP (green) and Lifeact::Ruby. Short ectopic branches (arrowheads) in lola RNAi are intensely positive for F-actin. (I) Quantification of Futsch (MTs) and Lifeact::Ruby (F-actin) in inappropriate branches [i.e. thin (class IV) or short (class I)], relative to primary dendrites nearby, which were normalized to 1. (J) Lola knockdown in ddaC (ppk1.9-GAL4) reduces Cut and Knot immunoreactivity in cells labeled with CD4-tdTomato (t-test; Cut, P<0.0001; Knot, P=0.0030; n=16 per genotype). Scale bars: 100 μm in A-F″; 25 μm in C-D′; 50 μm in G-H′.
found for lola (Grueber et al., 2003; Jinushi-Nakao et al., 2007) . Therefore, we sought alternative factors regulated by Lola that have the capacity to influence the dendritic F-actin cytoskeleton directly.
Lola limits expression of Spir
We considered the actin-nucleation factor Spir to be a candidate Lola effector because microarray and RT-qPCR assays demonstrated the spire (spir) gene to be upregulated threefold in lola ore76 -null mutant embryos relative to controls (Gates et al., 2011) . The longest Spir isoform (SpirA) contains a KIND domain, four WH2 domains that bind actin monomers and promote F-actin nucleation (Wellington et al., 1999; Quinlan et al., 2005) , as well as a SPIRbox and an mFYVE domain (Kerkhoff et al., 2001) (Fig. 4A) . Expression of spir transcripts has been observed in the PNS and central nervous system (CNS) of Drosophila embryos (Gates et al., 2011 ), but Lola is expressed more broadly (Fig. 1A) . The microarray and RT-qPCR assays were consistent with the idea that Lola represses expression of spir (Gates et al., 2011 ), but we wondered whether Lola regulates spir expression specifically within neurons, whether Spir is expressed in the dendrites of da neurons and functions in their arborization, and whether Lola controls dendrite morphogenesis through spir.
To test whether Lola specifically regulates spir expression within neurons, we used nSyb-Gal4 to knock down Lola in postmitotic neurons of CNS and PNS, including da neurons. We collected L1 larvae to sample a stage of continuing dendrite growth and branching, and used RT-qPCR to assess the relative levels of spir mRNA expression compared with controls. Lola knockdown in only postmitotic neurons caused a 3.6-fold increase in spir mRNA levels (Fig. 4B) , raising the possibility that one way in which Lola could control development of neuronal dendrites is through balanced control of intrinsic Spir levels.
Spir is expressed in the dendrites of da neurons and promotes F-actin there Using immunohistochemistry, Spir protein was observed in all the da neurons within the dorsal cluster of larval PNS neurons (Fig. 4C′) , plus a limited number of cells nearby. Spir was expressed in the dendrites of da neurons, and also in their cell bodies and axons (Fig. 4C′,D′) . With a low-expressing Spir-GFP fusion protein to report the subcellular distribution of Spir, we noted Spir-GFP along branches and at branch points (Fig. 4E,E′) . To test whether Lola regulates Spir expression in da neurons, we measured normalized immunofluorescence for the Spir protein in classes I and IV da neurons and found that Lola knockdown caused an average 1.8-fold increase of Spir (Fig. 4F) .
Spir expression within dendrites suggested that Spir could locally modify F-actin levels and influence dendrite branching directly, and so we sought to examine the effects of spir loss-of-function on these processes. We used RNAi to specifically knock down endogenous Spir levels in class IV da neurons, targeting all spir isoforms via a common sequence (Fig. 4A) . This reduced Spir expression in class IV da neurons, which at once confirmed the specificity of the Spir antibody and the effectiveness of Spir knockdown (Fig. 5A,B) . Consistent with a role in nucleating F-actin within dendritic arbors, RNAi knockdown of Spir reduced the normalized intensity of the Factin reporter Lifeact-GFP to 65.1% of controls ( Fig. 5C-E) .
Spir promotes dendrite branches and limits their distribution to appropriate positions along the proximaldistal axis of the arbor Spir knockdown affected dendrite branching in class IV da neurons in two ways (Fig. 5F-K) . First, it reduced the total number of branch ends per neuron to 76.9% of controls and total arbor length to 83.1% of controls (Fig. 5I) . Second, we noted that in Spir knockdown there was an accumulation of small branches at the most distal reaches of the arbor (Fig. 5G) , consistent with the fact that dendritic field was not reduced (Fig. 5I ). Sholl analysis (Fig. 5H) confirmed that there was a distal shift in the critical radius by an average of 24.6 μm compared with controls (Fig. 5I) . A modified Strahler analysis (Strahler, 1957) found that Spir knockdown preferentially reduced the numbers of terminal branches (Strahler order 1), with consistently fewer branches in each of the remaining orders (Fig. 5J ). This agreed with the loss of proximal branches, as revealed in the Sholl profile (Fig. 5H) . We also varied the approach of Schoenen (Schoenen, 1982) to calculate the ratios of branch numbers between successive Strahler orders (Fig. 5K) . Spir knockdown increased the degree of ramification in only terminal and penultimate Strahler orders (Fig. 5K) , reflected particularly in the distal reaches of these radial arbors. These results indicate a central role for Spir in determining branch number and distribution in complex dendrites, likely via promoting F-actin within branches ( Fig. 5C-E) .
We tested whether selective Spir RNAi knockdown in class IV neurons compromised nocifensive responses. Relative to controls (mean latency 3.0 seconds), loss of Spir delayed larval responses considerably (mean 7.8 seconds), with 9.7% of larvae failing to respond within 20 seconds (Fig. 5L) . The axon terminals of these neurons within the VNC appeared intact (Fig. 5M,N) .
Lola controls dendrite morphogenesis through Spir
Our results pointed to a role for Spir-dependent F-actin synthesis in positioning dendritic branches along the proximal-distal axis of the arbor, and so we surmised that lola mutations could fail to control the levels of Spir, leading to deregulation of actin filament assembly and the formation of inappropriate F-actin-rich dendrite branches in da neurons. Therefore, we predicted that reduced gene dose of spir would suppress the effects of lola loss of function in dendrites. We tested this prediction using two spir alleles (spir 2F and spir 1 ), both of which truncate Spir within the KIND domain and therefore lack the WH2 domains that are crucial for actin nucleation (Fig. 4A ). Both spir alleles had the same effects. In class IV da neurons, the thin, inappropriate branches induced by lola RNAi were indeed suppressed in spir heterozygotes compared with controls ( Fig. 6A-D) . In addition, outgrowth of major branches was partially restored, as reflected by increased dendritic field (Fig. 6F) , and critical radius was shifted distally toward its normal position from the cell soma (Fig. 6G,I ). Neither total arbor length nor critical value was restored to any degree in spir heterozygotes (Fig. 6E,H) . Remarkably, reduced spir gene dose also led to functional recovery from the nocifensive behavioral deficit caused by lola RNAi in class IV da neurons (Fig. 6J) , highlighting the importance of the Lola-Spir pathway for neuronal function. In class I da neurons where lola RNAi (GAL4 221 ) induced the short ectopic branches that are characteristic of lola mutations (Fig. 6K,L) , these ectopic branches were suppressed by reduced spir gene dose ( Fig. 6K-P) .
Our data support a model in which Lola represses Spir within da neurons to levels that provide a balanced degree of local F-actin synthesis within dendrites (Fig. 7A) . Spir specifically regulates the positioning of branches within arbors, whereas other Lola effectors (perhaps including Cut and Knot) are likely to have a more profound impact on branch number and total arbor length. To understand how Spir influences the positioning of branches within arbors, we generated branch density profiles for class IV da neurons (Fig. 7B) . We averaged these profiles for each of the genotypes that we tested (Fig. 7C) , and found an inverse correlation between critical radius and the relative levels of Spir that we determined experimentally or inferred from genetic approaches. We propose that the Lola-Spir pathway generates a balance of F-actin that determines where the density of branches is greatest along the proximal-distal axis of dendritic arbors (Fig. 7D) .
DISCUSSION
We discovered that dendrites in Drosophila are sculpted by a molecular pathway controlled by the transcription factor Lola. Superficially the lola phenotype resembled that of dynein in that both mutations cause branches to be mis-positioned closer to the cell soma (Satoh et al., 2008; . However, in dynein, these branches have MTs whereas in lola they are F-actin rich, suggesting distinct mechanisms. Instead, we found that Lola regulates levels of the actin nucleator Spir, which are crucial for the abundance of F-actin in developing dendritic arbors and for proper positioning of branches. Lola acts within neurons to regulate Spir expression at the level of transcription, though additional research will be needed to determine whether this regulation is direct and which of the 19 or more Lola isoforms are relevant. Perturbations of the Lola-Spir pathway impair sensory neuron function and disrupt innate avoidance behaviors to noxious stimuli. Although Lola and Spir may affect additional unknown aspects of neuronal physiology, we propose that the Lola-Spir pathway is crucial for neural circuit function, at least in part because it provides balanced control of the F-actin cytoskeleton and thereby contributes to the spatial arrangement of branches within dendritic trees.
Lola is expressed in all da neurons, and in every class it promotes dendrite growth. However, branching defects are found only in classes I and IV, which could reflect context-dependent use of Lola, or cell-type specific thresholds for its activity. Another BTB-Znfinger transcription factor, Abrupt, is selectively expressed in class I da neurons, where it limits higher-order branching and restricts total arbor size (Li et al., 2004; Sugimura et al., 2004) , demonstrating how different members of this interesting protein family shape class I arbors via distinct influences on dendrite branching and outgrowth. Additional transcription factors belonging to other families undoubtedly collaborate with BTB-Zn-finger proteins for class-specific patterns of arborization. These include Cut and Knot, which control dendrite growth and branching in class IV da neurons. Cut and Knot have little or no influence on the expression of one another and are thought to act independently (Hattori et al., 2007; Jinushi-Nakao et al., 2007; Crozatier and Vincent, 2008) , but as Lola promotes expression of both, perhaps it can coordinate and fine-tune their activities. To date, the effectors of Cut and Knot that directly remodel the dendritic cytoskeleton are unknown. Knot may promote expression of the MT-severing protein Spastin (Jinushi-Nakao et al., 2007; Ye et al., 2011) , and Cut is thought to promote F-actin because high Cut levels coincide with class III morphology and the appearance of F-actin-rich spiked protrusions (Grueber et al., 2003; Jinushi-Nakao et al., 2007) . As Lola promotes Cut expression, but limits Spir to prevent the appearance of inappropriate F-actin rich branches, we propose that Lola regulates Spir via a pathway that does not include Cut (Fig. 7A) .
Spir levels correlate with the placement of branches within dendritic arbors: elevated Spir promotes branches near the cell soma whereas reduced Spir shifts branch density distally. As perturbations of Lola or Spir do not overtly affect axon guidance in class IV neurons, and as recovery from the nocifensive behavioral deficit in lola RNAi animals can occur without restoration of arbor complexity (critical value) or total arbor length, we propose that these shifts in the proximal-distal arrangement of dendritic branches can severely impact neural circuits and impair behavioral performance (Fig. 7D) .
Our data are consistent with the idea that Spir nucleates de novo actin filaments in dendrites via its WH2 and KIND domains, but Spir activity could be more complex as Spir can also sequester, sever and depolymerize F-actin in vitro (Chen et al., 2012) . We think it is likely that Spir contributes to specific subcellular F-actin pools or structures that promote the probability of dendrite branching at their correct positions within arbors, perhaps acting in concert with other nucleators such as the Arp2/3 complex and formins. Such Factin could be dynamically engaged with MTs in the dendritic cytoskeleton, as occurs in the cytoplasm of Drosophila oocytes where Spir cooperates with the formin Cappuccino in the assembly of an F-actin structure that prevents premature rearrangement of MTs (Rosales-Nieves et al., 2006; Bosch et al., 2007; Dahlgaard et al., 2007) . Notably, Spir overexpression in either class IV or class I da neurons, with or without simultaneous overexpression of Cappuccino, was insufficient to induce any overt effects (data not shown). Thus, additional factors are likely to cooperate with Spir to influence dendrite morphogenesis.
Whether Spir-like proteins are involved in dendrite morphogenesis in mammals has not been reported, but it is intriguing that murine orthologs of Spir (Spir1 and Spir2) are expressed primarily in the developing CNS and adult brain (Schumacher et al., 2004; Pleiser et al., 2010) . Spir proteins belong to a family of actin nucleators that includes Cordon-bleu (Cobl) and Junction-mediating and regulatory protein (JMY). Knockdown of Cobl reduced dendrite branching complexity in cultures of rat hippocampal neurons (Ahuja et al., 2007) , and in Purkinje neurons in organotypic slices of mouse cerebellum (Haag et al., 2012) , while JMY knockdown in mouse neuroblastoma cells enhanced neurite outgrowth (Firat-Karalar et al., 2011) . Future experiments will determine whether and how Cobl, JMY and Spir proteins influence dendrite arborization in the mammalian brain. In this regard, our research in Drosophila raises the exciting possibility that balanced regulation of Spir and related actin nucleators is a conserved mechanism for shaping architectures of dendritic trees. (Dietzl et al., 2007) ; and from published sources and tutl
MATERIALS AND METHODS

Fly stocks and genetics
GAL4
). For lola MARCM, virgin females of the stock elav UASmCD8::GFP, FRTG13 (or FRT42D) ,tub-GAL80 were crossed to males that were either elav FRTG13 (or FRT42D) or elav C155 -GAL4, FRTG13, lola ore76 (or FRT42D, lola 5D2 ). Embryos were collected for 2 hours, incubated at 25°C for 2-3 hours, then heat-shocked at 38°C for 1 hour and raised at 25°C until analyzed at L3.
For all RNAi experiments, control animals carried the Gal4 driver (ppk1.9-GAL4 or GAL4 221 ), UAS-Dcr2 and a fluorescent reporter (i.e. UAS-mCD8::GFP, UASChR2::eYFP, etc.) . For experimental groups, we added a single copy of the RNAi-inducing construct. For RT-qPCR experiments, we used nSyb-GAL4, a postmitotic pan-neuronal driver line created by Dr Julie Simpson, for which we used 2nd chromosome insertions generated by Dr Stefan Thor. Immunohistochemistry Larvae (L3) were dissected and prepared for immunohistochemistry as described previously (Ou et al., 2008) . Primary antibodies used were: rabbit anti-Lola (1:200) (Giniger et al., 1994) ; mouse anti-Spir (1:100) (Liu et al., 2009) ; mouse anti-Futsch (1:300; mAb 22C10, DSHB; chicken anti-GFP (1:1000; Aves Labs); mouse anti-Cut (1:50; mAb 2B10, DSHB); and guinea pig anti-Knot (1:1000) (Baumgardt et al., 2007) . Secondary antibodies used were: Alexa Fluor 488/568/647 (1:500; Molecular Probes).
To quantify Cut and Knot immunofluorescence, average intensity was measured within a region of interest (ROI) encompassing each cell soma, and normalized to that of ppk-CD4::tdTomato. Similarly, Spir and Lola immunofluorescence was quantified in ddaE (Gal4 221 ) and ddaC neurons (ppk1.9-Gal4) labeled with mCD8::GFP. Mean intensity of tdTomato or GFP was equivalent between controls and RNAi groups (data not shown).
Imaging
For imaging native fluorescence (mCD8-GFP, CD4-tdTomato, CD4-GFP, spir-GFP, Lifeact-GFP or Lifeact-Ruby), larvae (L3) were prepared as described previously (Ou et al., 2008) . The Lifeact peptide does not affect actin polymerization and is unique to yeast (Riedl et al., 2008) . Lifeact reporters labeled da neuron dendrites with signal that was often discontinuous and of variable intensity, consistent with previous reports for actin-GFP and GMA-GFP (Andersen et al., 2005; Medina et al., 2006; Jinushi-Nakao et al., 2007; Lee et al., 2011; Nagel et al., 2012) , though GMA-GFP seems enriched at branch termini.
Images were acquired with a Yokogawa spinning disk system (PerkinElmer) on an Eclipse TE2000-U microscope (Nikon) or with a Fluoview FV1000 confocal laser scanning microscope (Olympus) and processed using Fiji (Schindelin et al., 2012; Schneider et al., 2012) . When required, stacks were registered (Thévenaz et al., 1998) and stitched together (Preibisch et al., 2009 ). For time-lapse, L3 larvae in halocarbon oil were immobilized by gentle pressure in an imaging chamber (RC-30WA, Warner Instruments). Image stacks were acquired every 5 minutes for 1 hour, and each time-series was registered using a descriptor-based approach (Preibisch et al., 2010) . Branch ends were tracked using MTrackJ (Meijering et al., 2012) and classified as described previously (Stewart et al., 2012) using routines described previously (Ferreira et al., 2010) .
To measure Lifeact::Ruby and Futsch within dendrites (Fig. 3A-I ), image fields (three or four per neuron) were acquired of arbors near the cell soma, and topological skeletons of GFP-labeled dendrites created as described below. Skeletons were converted to ROIs, tracing branches along their center lines. Average intensities were retrieved and values for inappropriate branches (RNAi-induced) were normalized to those of neighboring primary dendrites.
To quantify Lifeact::GFP in control and spir RNAi arbors ( Fig. 5C-E) , we aligned image fields containing tdTomato-labeled dendrites with denticle belts at the anterior segment boundary, then acquired the Lifeact::GFP signal, quantified it on skeletonized ROIs (as above), and normalized to tdTomato.
Dendrite morphometry
Background was first subtracted from maximum-intensity projections (MIPs) of image stacks. Dendrites were segmented using a custom, semiautomated procedure based on adaptive thresholding. The resulting MIP mask (with axons cleared manually) was applied to the image stack to select fluorescence from dendritic arbors only. To measure branch lengths, dendrites were traced in three dimensions using Simple Neurite Tracer (Longair et al., 2011) . For class I, a 10 μm cut-off for short branches was determined empirically: from nine control ddaE cells, terminal branches shorter than 10 μm occurred with a frequency of 9.8%. To automate analysis of class IV arbors, segmented images were converted to three-dimensional topological skeletons. From these were retrieved segment lengths, number of branch ends and positions of branch points Doube et al., 2010) . Dendritic field was the area of the smallest convex polygon containing the planar z-projected neuron, using Convex Hull Plus by G. Landini.
For Sholl analysis (Sholl, 1953) , we developed a plug-in (http://fiji.sc/ Sholl_Analysis) to implement a modified method (Ristanović et al., 2006) for accurate retrieval of descriptors of dendritic density from bitmap images. The Sholl profile of each neuron was fitted to an 8th degree polynomial, from which we determined the local maximum (critical value) and the distance at which it occurred (critical radius). For Strahler analysis (Strahler, 1957) , we developed a script (http://fiji.sc/Strahler_Analysis) to parse skeletonized stacks by iteratively pruning terminal branches and counting branch number in each iteration.
Real-time quantitative PCR (RT-qPCR)
RNA and cDNA was isolated in three independent extractions from L1 larvae raised at 29°C (Qiagen). RT-qPCR used SYBR Green in a StepOnePlus system (Applied Biosystems), with GAPDH mRNA for normalization. Primers were (5′-3′): GAPDH (forward), CACTGCCG -AGGAGGTCAACTAC; GAPDH (reverse), ATGCTCAGGGTGATTG -CGTATGC; Spir (forward), AACACCCAAGCCACGAC; Spir (reverse), TGCTGATGCTGTTCTCATCG. The Spir primers amplified 149 bp spanning two exons common to all Spir isoforms.
Nocifensive escape locomotion L3 larvae were tested for nociception with a custom-built heat probe (Babcock et al., 2009) , using an external thermocouple to monitor the probe tip and calibrate the controller. Stimulus was delivered as described previously (Chattopadhyay et al., 2012) , with each larva tested once. Nocifensive escape locomotion (NEL) latency was the time from probe contact until the larva initiated one complete evasive rotation. For larvae that did not respond to stimulation within 20 seconds, stimulus was terminated and a latency of 21 seconds was assigned (Caldwell and Tracey, 2010) .
Optogenetics
L3 controls (UAS-Dcr2;UAS-ChR-2::YFP;ppk1.9-GAL4) and lola RNAi (UAS-Dcr2;UAS-ChR-2::YFP,UAS-RNAi;ppk1.9-GAL4) were tested in three trials as described previously (Honjo et al., 2012) , but stimulated with a 470 nm LED driven by a 1000 mA power driver (Luxeon Star) coupled to a 3 mm optic fiber (Edmund Optics) outputting a radiant flux of 10-15 mW and positioned 5 mm above larvae at a 40°angle.
Graphs and statistics
Bar graphs and tables of dendrite morphometry express data as mean ± standard error. Graphs of nocifensive behavior express data in box plots showing median (horizontal line), mean (+) and limits of the first and third quartiles. Whiskers depict the 10th and 90th percentiles, and outliers are marked by dots. Statistical analyses were carried out in Prism (GraphPad). Unless otherwise stated, data were tested for normal distribution (ShapiroWilk), and analyzed for statistical significance using two-tailed unpaired Student's t-tests (two groups only), or one-way ANOVA (multiple groups). ANOVA at P<0.05 was followed by Dunnett's post-hoc tests, and asterisks in graphs indicate the significance of P-values comparing indicated group with controls (*P<0.05; **P<0.01; ***P<0.001).
